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Abstract. It was recently shown that the use of graphene as a transparent electrode deposited between the antirefiection
coating and the front grid of a solar cell can help mitigate resistive losses. Graphene-enhanced solar cells can be
manufactured by retrofitting existing off-the-shelf multijunction solar cell designs, making its incorporation into HCPV
systems transparent for the module manufacturer. This paper presents a theoretical evaluation of yearly energy yield gains
in HCPV systems equipped with graphene-enhanced solar cells as compared with the same system using conventional
triple-junction solar cells. These calculations show that the energy production gain when using graphene-enhanced modules
may exceed 6% in reasonable locations for CPV (Fes, Madrid, Nicosia) and clearly exceed 7% in a good location such as
Phoenix, whereas graphene integration cost would increase the €/Wp merit figure in 2-3%.

INTRODUCTION
The use of ultra-high concentration levels (>1000 suns) is gaining relevance in modern CPV systems in the search
for maximizing the cost-saving potential of this technology. In this scenario the struggle against the effects of series
resistance has been the subject of many studies and technological innovations [1]. As the most influencing components
of the series resistance are those associated with the lateral flow of photocurrent [2], namely, those of the front metal
grid and the top cell emitter/window layers, many studies have focused their attention in better metal systems for the
front grid [3-7] or novel contact formation strategies using via holes and metal wrap-through configurations [8-9].
Another approach is to design devices that produce lower currents and thus minimize f-R losses. In this respect, very
small solar cells used in microconcentrators [10], increasing the number of junctions [11] or even both combined have
received significant attention over the last years [12]. Also, some less conventional approaches have been pursued
such us the integration of TCOs in antirefiection coatings to turn this traditionally electrically inactive layer into a
lateral conductive aid for the top cell emitter [13]. Finally, from the optics stand point, efforts have been also put in
devising optical trains that produce nearly uniform irradiance distributions and thus minimize the local electrical
stresses on the solar cells [14-15]. As this brief recollection shows, both optical train design and solar cell design,
structure, and fabrication have been tackled in the search for lower resistive losses. The common denominator of most
of these approaches is that they require deep changes in either the fabrication or the design itself of the HCPV system.
In this general context it was recently shown that the use of graphene as a transparent electrode deposited between
the antirefiection coating and the front grid of a solar cell can help mitigate resistive losses [16-17]. The basic idea is
that the graphene monolayer causes some absorption (AJSc —1%) but in turn improves significantly the current
extraction from the top cell emitter/window towards the grid providing significant gains in FF at high concentrations
(AFF~+2% @1000suns) [16-17]. To add some quantification, a state of the art window/emitter in a concentrator
multijunction solar cell will have a lateral conductivity between 350-500 Q/sq [1,2], whereas one monolayer graphene
presents a value in the same order of magnitude of 200-500 Q/sq, depending on impurity content and deposition
method [16-17]. Obviously, the graphene transfer process needs to be integrated in the solar cell manufacturing flow,
which adds on the cost and complexity of the process. Nevertheless, this integration is done at a wafer level and can
be totally transparent to the HCPV module integrator. This concept is illustrated in Figure 1 where the value chain of

conventional and graphene-enhanced (GE) solar cells is schematically depicted. Both conventional and GE
multijunction cells use the same encapsulation process (since they have the same metallization and front grid) and the
same optical train (since they have the same size). In this way the retrofitting of graphene into off-the shelf
multijunction solar cells produces an indistinguishable product but with enhanced performance.
In this work, we present an assessment of the energy yield gain -and associated cost reduction- in a HCPV system
equipped with graphene-enhanced GaInP/Ga(In)As/Ge triple junction solar cells in comparison with the same HCPV
system using the same triple-junction solar cells without graphene. To this end we will compare the calculated
performance of an exemplary HCPV system in two versions: one using conventional triple-junction solar cells and a
second one using the same cells equipped with the graphene layer acting as a lateral conductivity booster (Fig. 1).
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FIGURE 1. Value chain in the manufacturing of HCPV modules equipping Graphene-enhanced solar cells (top row) and
conventional solar cells (bottom row).

PROBLEM DEFINITION
Figure 1 illustrates the ideal approach to assess the energy production of graphene-enhanced as compared with
conventional solar cells. State-of-the-art CPV III-V multijunction solar cells should be used to arrange two groups of
devices, one following a conventional fabrication route and other being retrofitted with a graphene monolayer before
ARC deposition. These groups would populate a series of HCPV modules that should be tested on-sun for long-enough
as to ascertain energy yield gains with enough statistical significance and accuracy. Such experimental study is our
target in the long run whilst, in this work, we want to get a theoretical anticipation of the result. To this end we want
to calculate the differences in the yearly energy yield of exemplary HCPV systems equipping GE and conventional
multijunction solar cells in four illustrative locations, namely, Fes (Morocco), Nicosia (Cyprus), Madrid (Spain) and
Phoenix (AZ, USA). The configuration chosen for the HCPV system can be seen in Fig 2.a and consists of a Fresnel
lens as primary optical element (POE) and a reflective truncated pyramid as secondary optical element (SOE)
concentrating light on a square GaInP/Ga(In)As/Ge triple-junction solar cell of 1 x 1 mm2 in active area. Once fixed
the HCPV design, the irradiance distribution on the cell can be calculated. As frequently occurs in many HCPV
systems, this irradiance distribution is highly non-uniform with most of the power being casted on the cells at local
concentrations of 1500x to 3000* (Fig. 2.b). In this situation, despite the nominal concentration of the module is 800x,
its electrical output will be greatly influenced by how the solar cell performs at much higher concentrations, as said,
between 1500x and 3000x. Precisely, it is in this range of ultra-high concentrations where graphene enhanced solar
cells clearly outperform conventional triple junctions and thus offer the potential for significant energy gains [16-17].
Accordingly, our target is to calculate the yearly energy yield of monomodules as those in Fig 2.a with GE and
conventional CPV solar cells. Several caveats need to be stated to assess the significance of these simulations versus
the real experiment of Fig. 1. In our calculations just a single optical train + solar cell unit is considered, namely, a
monomodule. Therefore, the impact of misalignments, manufacturing tolerances or dispersion between the units that
constitute a module is not considered. Moreover, the role of the acceptance angle and tracker pointing accuracy is not
considered either. We expect these variables to affect equally conventional and GE modules and thus not to influence
significantly the energy yield gain calculations.
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FIGURE 2. (a) HCPV module configuration considered in this study: POE is a Fresnel lens and SOE is a reflective truncated
pyramid. Nominal concentration is 800 x (b) Irradiance map on the solar cell produced by the system in (a), which roughly
corresponds to a Gaussian distribution with PAR=3

MODEL DESCRIPTION
In a first approximation, to simulate the power output of a system like the one in Fig 2.a, one could consider a
raytracing approach to evaluate the irradiance distribution cast on the solar cell and subsequently a distributed circuit
model to asses the electrical response of a triple-junction solar cell upon such irradiance [18]. This process should be
repeated for every relevant change in the operating conditions of the system along the year (i.e. spectral variations,
cell temperature excursions, DNI, ...) and for both types of solar cells [19]. This so-called physically-based approach
to modelling would provide the largest granularity in the simulated data but at a commensurately high computational
cost. However, before walking that avenue, two facts should be considered. On the one hand, we are interested in
evaluating efficiency gains of GE vs conventional modules so only the relative performance or, more precisely, the
ratio among the performances (and not the absolute performances themselves) is relevant. On the other hand, both cell
temperature variations and spectral variations affect in the same way to GE and conventional solar cells. Regarding
temperature variations, given the fact that graphene is a one-monolayer thick material its presence will change
negligibly the thermal behavior of the solar cell. Regarding spectral variations, it was shown in [16-17] that the
presence of graphene causes a loss in JSc of 1% which is spectrally insensitive, i.e. it attenuates evenly the full
absorption range from 300-1800 nm.
In photovoltaics in general, and in CPV in particular, phenomenological models for the power output of a system
(P) that account for DNI effects, temperature effects and spectral effects through independent mathematical
expressions, which are then linearly combined, are commonplace and have demonstrated reasonable accuracies [20].
In a canonical form such models can be represented by the following generic expression:
P = KSTC • h{DNI) • f(Tcell)

• g(AM,AOD,PW)

(1)

where:
• KSTC is a constant factor associated with the nominal output power of the system and DNI at standard test
conditions (STC)
• h is a correction function which accounts for deviations of DNI from STC (1000 W/m2)
• / i s a correction function which accounts for deviations of cell temperature (Tce¡i) from STC (25°C)
• g is a correction function which accounts for deviations in the spectrum from STC (AM1.5d). Typically, g
only depends on air mass (AM), aerosol optical depth (AOD) and precipitable water (PW), which are
considered the relevant variables to define the spectral distributions for CPV applications.
For our problem, the advantages of a model that fits into Eq. (1) are straightforward. Since at some point we will
calculate a ratio formed by two expressions that follow Eq. (1), in which functions/and g are the same (and thus

cancel out), then we will end up with much simpler expression which only depends upon DNI. Accordingly, in this
work we opted for the following equation to model the power (P) produced by a HCPV system:
P = ri(DNI) ' DNI • A • f(Tcell)

• g(AM,AOD, PW)

(2)

where:
r¡ is the system efficiency vs DNI at a cell temperature of 25°C and under spectrum AM1.5d
DNI is the Direct Normal Irradiance at the entrance of the POE in kW/m2
A is the HCPV module area in m2.
/ i s a correction function which accounts for deviations of cell temperature from STC (25°C)
g is a correction function which accounts for deviations in the spectrum from STC (AM1.5d).
The annual energy yield of a system (Ey) can be then calculated as:
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where EyE represents the energy yield of a graphene-enhanced system whilst Ey is the energy yield of a system
equipping conventional solar cells. To calculate the integrals in Eq. (4) two sources or information are needed:
1. Meteorological data of hourly DNI evolution in a Typical Meteorological Year (TMY), which have been
obtained from well-established databases [21-22] for the four locations in this study
2. The efficiency vs DNI curve -i.e. the function r¡(DNI)- for our target HCPV design. Fig 3.b shows such curve
for both types of solar cells. These curves have been calculated using our distributed modelling tools from the
typical efficiency vs. concentration curves (Fig 3.a) obtained under the flashlamp simulator at uniform normal
irradiance. To this end the optical properties of graphene have been taken from [23] and the electrical
conductivity of one graphene monolayer has been considered to be 300 Q/sq [16-17]. For the solar cell
parameters, we have used our typical values [2] that for the emitter/window interface are 350 Q/sq.
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FIGURE 3. (a) Typical efficiency vs. concentration curve obtained under theflashlampsimulator at uniform normal irradiance
(b) Efficiency vs. hourly DNI curve for a monomodule like the one in Fig 2.a

RESULTS
Table 1 summarizes the results of the application of Eq. (4) to the four locations chosen in this study. Figure 4
gives some more detail about these calculations by plotting the integrand (i.e. the daily evolution of efficiency vs DNI)
in the days around the summer solstice for the four locations under study. These calculations show that the energy
production gain when using GE modules may exceed 6% in reasonable locations for CPV (Fes, Madrid, Nicosia) and
clearly exceed 7% in a good location such as Phoenix.
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FIGURE 4. Daily evolution of efficiency vs DNI for the four locations under study around the summer solstice.
The green curve labelled OMLG corresponds to conventional solar cells (0MLG=zero monolayers of Graphene) whereas
the blue curve labelled 1MLG corresponds to graphene-enhanced solar cells (lMLG=one monolayer of Graphene)
TABLE 1. DNI data and calculated yearly energy yield gains for the different location considered in this study
Location
Fes, Morocco
Nicosia, Cyprus
Madrid, Spain
Phoenix, AZ, USA

Yearly Energy
in DNI [kWh/m2]
1.860
1.980
2.020
2.320

% of Yearly Energy
with DNI>700W/m2
72%
69%
73%
77%

Calculated Yearly
Energy Yield Gains [%]
6.4%
6.7%
6.8%
7.2%

The economic advantage of this approach stems from the fact that the solar cell only accounts for around 10% of
the cost of the HCPV system [24], whereas its revenue is proportional to the energy produced. Our initial cost estimates
indicate that the integration of graphene on a multijunction solar cell wafer -including the graphene sheet itself, the
transfer process and subsequent processing- would cost around 80€ per wafer (for moderate productions), thereby
increasing its price by 15-20% [25]. Obviously, much lower costs could be achieved in high volume production.
Therefore, the impact on total system cost would be 2-3%, whereas calculated energy production gains may reach or

even exceed 7% in locations with medium-high DNI. Moreover, as shown by the 3 rd column in Table 1, all these
locations exhibit the typical fraction of high DNI (-70% of the energy contained in DNI comes from irradiances of
700 W/m2 or higher) found in target locations for CPV. In this sense, these results should be of general validity for
most CPV locations.

CONCLUSIONS
The struggle against the effects of series resistance is a long-standing goal in CPV systems. In this general context,
it has been shown that the use of graphene as a transparent electrode deposited between the antireflection coating and
the front grid of a solar cell can help mitigate resistive losses. Moreover, graphene monolayers can be retrofitted into
existing solar cell designs making its integration in HCPV systems transparent for the module manufacturer. In this
work, we present an assessment of the energy yield gain -and associated cost reduction- in a HCPV system equipped
with graphene-enhanced triple junction solar cells in comparison with the same HCPV system using the same triple
junction solar cells without graphene. These calculations show that the energy production gain when using GE
modules may exceed 6% in reasonable locations for CPV (Fes, Madrid, Nicosia) and clearly exceed 7% in a good
location such as Phoenix, whereas graphene integration cost would increase the €/Wp merit figure in 2-3%.
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